Predictions of earthquakes that are based on observations of precursory seismicity cannot depend on the average properties of the seismicity, such as the GutenbergRichter (G-R) distribution. Instead it must depend on the fluctuations in seismicity. We summarize the observational data of the fluctuations of seismicity in space, in time, and in a coupled space-time regime over the past 60 yr in Southern California, to provide a basis for determining whether these fluctuations are correlated with the times and locations of future strong earthquakes in an appropriate time-and spacescale. The simple extrapolation of the G-R distribution must lead to an overestimate of the risk due to large earthquakes. There may be two classes of earthquakes: the small earthquakes that satisfy the G-R law and the larger and large ones. Most observations of fluctuations of seismicity are of the rate of occurrence of smaller earthquakes. Large earthquakes are observed to be preceded by significant quiescence on the faults on which they occur and by an intensification of activity at distance. It is likely that the fluctuations are due to the nature of fractures on individual faults of the network of faults. There are significant inhomogeneities on these faults, which we assume will have an important influence on the nature of self-organization of seismicity. The principal source of the inhomogeneity on the large scale is the influence of geometry--i.e., of the nonplanarity of faults and the system offaults.
are significant inhomogeneities on these faults, which we assume will have an important influence on the nature of self-organization of seismicity. The principal source of the inhomogeneity on the large scale is the influence of geometry--i.e., of the nonplanarity of faults and the system offaults.
The Magnitude-Frequency Law Assume that our goal is the prediction of large earthquakes in a region as well studied as Southern California. Large earthquakes in Southern California occur so rarely that statistically based predictions of large earthquakes are not possible. We therefore try to limit the broad range of possible extrapolation scenarios that can be constructed from meager geological or geophysical observations with physics-based models. Before one can discuss efforts to model the physics of earthquakes, and especially of large earthquakes, one must appreciate the relevant phenomenology which must perforce form the targets of modeling efforts.
The extraordinary simplicity and universality of the familiar Gutenberg-Richter (G-R) power-law relation for the frequency of occurrence of earthquakes with a given energy has been a magnet for the statistical physics community, especially since power law relations also characterize the properties of magnetism, melting, etc., near critical points. The scaleindependence of an empirical power law implies that the underlying physics is also to be found in scale-independent processes, and this course has been followed with much
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The G-R power-law relation for earthquakes-the distribution of the number of earthquakes with seismic energy radiated greater than E, Ncum -E-b [1] where b is the usual coefficient in the magnitude-frequency relation and is a number close to 1 for any region world wide (9, 10), and 13 is the coefficient in the radiated energy vs. magnitude relation, which has been measured to be 1.5 (11, 12) , and has been calculated to be 3/2 for all but the largest earthquakes (13). While the arguments for self-similarity are persuasive, there are even more persuasive arguments that the power-law relation cannot be extended to the largest energies and that large earthquakes obey different statistics and, hence, are subject to a different set of physical interrelationships than are small ones. Expression 1 cannot be extended indefinitely to infinite energies; otherwise the exponent b/13 2/3 would imply that an infinite amount of energy be available from the motion of tectonic plates for the generation of earthquakes (14) . Thus, there must be a cutoff or rolloff to the distribution at its large energy end. It follows that the occurrence of large earthquakes must take place under a different set of rules than the small ones. Thus, while the system is undoubtedly self-organizing, it is not self-organizing to a critical state.
There is also a power-law seismic moment-frequency relation with a similar exponent (15, 16 Because the G-R power-law distribution cannot be appropriate for large earthquakes, the properties of models of Abbreviations: G-R, Gutenberg-Richter; SAF, San Andreas fault. seismicity on isolated faults that describe self-organization leading to a critical point may be irrelevant to our task. Because our concern is with the problems of large earthquakes, we try to understand why large earthquakes, and possibly others as well, fail to follow the power-law relation. We describe the phenomenological basis for developing an understanding of the physical processes that lead to the occurrence of large earthquakes.
We take as the basis for most of our discussions of phenomenology, observations of earthquakes in Southern California, which are the most extensive local data base we have, and thus the most studied of any history of instrumental seismicity. The magnitude-frequency relations for Southern California are reasonably well-established for the 60 yr of the Southern California catalog. The magnitude distribution of earthquakes in the Southern California catalog with aftershocks removed not only shows that the expected log-linearity for small magnitudes extends, most remarkably, up to the largest earthquakes (Fig. 1) , excluding aftershocks. The 60-yr distribution of Fig. 1 does not show any hint of a deviation from linearity of the log-frequency vs. magnitude relation around M = 6.4 that has been proposed by a number of authors (13, (18) (19) (20) (21) (22) to correspond to a transition between two-dimensional and one-dimensional fracture shapes in a seismogenic zone of finite thickness. Despite the reasonableness of the proposal that it is the thickness of the seismogenic zone, which is of the order of 15 km in Southern California, that provides this characteristic dimension, contrary to recent assertions (21), the sharp cutoff to the distribution near M = 7.5 and the absence of a rolloff at smaller magnitudes does not support the simplistic proposal. A similar conclusion has been reached from a study of the energy-frequency distribution (23).
Excluding aftershocks, the statistics of the smallest earthquakes, which are by inspection the most numerous, is Poissonian (24); this does not imply that the less frequent stronger earthquakes are also randomly occurring events.
Large Earthquakes
Despite the presence of a cutoff to the distribution in Fig. 1 (25, 26 But this model is valid under the assumption that the earth is homogeneous. The barrier property of the characteristic earthquake model argues for a weaker region of the faults in the reaches between barriers and, hence, that the appropriate scaling distance for redistribution of stress is the size of the nucleation zone of these greatest earthquakes-i.e., the barrier dimension, rather than the length of the crack. Observational support for this point of view is to be found in the self-healing pulses observed in the dynamics of the rupture process described by Heaton (28) . We argue in a companion paper (29) that a smaller scaling length is sufficient to prevent an earthquake from tearing through several barriers, if the barriers are widely spaced compared to the scaling distance for the size of the fluctuations in stress outside the edge of the crack and for a sufficiently large ratio between the fracture strengths of the barriers and the relatively smoother segments between them.
The scaling distance is the size of the nucleation zone or it is the size of the self-healing pulse, and these two sizes may be the same (30). Because the largest earthquakes do not fit the G-R distribution and are most likely limited in fracture length by barriers, the characteristic earthquake model is probably appropriate for their description. There is very likely a sharp cutoff to the distribution of earthquake sizes. If it were not for information derived from the spatial distributions of smaller earthquakes, we would be inclined to suppose that it would not be appropriate to describe smaller earthquakes by the characteristic earthquake model because the smaller events are dominated by the G-R distribution, and hence these events may be strongly influenced by the processes of self-organization. But to be able to draw a clearer opinion, we must describe the spatial distributions of earthquakes in Southern California.
Spatial Fluctuations
The epicenters of the earthquakes that define the G-R law for Southern California are widely distributed over the entire area (Fig. 2) (1996) Proc. Natl. Acad. Sci. USA 93 (1996) (Fig.  1) ? Suppose that we divide Southern California into smaller seismic zones that each includes at least one fault that supports large earthquakes. Assume each zone will have its own G-R law for small earthquakes and that the exponent is the same for each. But the cutoff (or rolloff) will depend on the properties of the dominant fault in the zone, and especially its length, and we can expect that it will be different for each region. The sum of the seismicity distributions over all zones will give the seismicity for all of Southern California; the spatially cumulative distribution will have the usual power-law relation for small earthquakes with the usual exponent; but the rolloff for the spatial sum distribution will reflect the distribution of cutoffs (or rolloffs) for the zones. Because the summation seismicity has a sharp cutoff (Fig. 1) , then either the distributions for each of the zones must have the same cutoff, which seems very unlikely, or the distributions at the large magnitude ends must vary widely, with some of the zones having a rate for large earthquakes that is greater than the extrapolation of the seismicity from the simple power-law relation, and some less than it. Thus the properties of the large earthquakes differ significantly from the G-R law for small earthquakes in each zone, and hence the small and large earthquakes interact differently. On the last model, the sharp cutoff in Fig. 1 is a coincidence.
Of course, there is always the argument that the distribution in Fig. 1 (Fig. 1) . Jones has also identified that there was a significant increase in the rate of occurrence of earthquakes with M -5 in Southern California by a factor of two over the interval 1986-1992 in comparison with the rate over the 40 yr preceding 1986 (41). On the time scale of the order of 1-10 yr, there is an increase in the rate of occurrence of earthquakes with magnitudes greater than 5.1 before all of the strongest earthquakes in California with magnitudes M -6.8 (42). It is doubtful whether these fluctuations in seismicity might be useful for earthquake prediction on the above time scale, because their space scale is so large, being of the order of the size of Southern California. No detailed exploration has been made as yet to see if similar fluctuations are to be found for smaller magnitudes, at shorter distances, and over shorter time intervals before strong earthquakes with magnitudes less than 6.8.
We have listed above nonuniform properties of earthquake occurrence that includes observations that (i) the rate of occurrence of the strongest earthquakes differs from the extrapolations of the G-R law for small earthquakes, (ii) there is long-term spatial quiescence at all magnitudes on the faults that support the largest earthquakes, (iii) there are fluctuations in the interval times between the strongest earthquakes on the SAF, and (iv) there are temporal fluctuations of intermediatemagnitude seismicity. We mention briefly the phenomenology of fluctuations that are coupled in space and in time. Kanamori (43) has given an excellent review of space-time-coupled fluctuations: quiescence or reduced activity has been identified prior to 41 very strong earthquakes worldwide out of a list of 52 earthquakes, over a time scale of a few months to as much as 30 yr, and over distance scales that are usually of the order of the dimensions of the fracture of the strong earthquake. Wyss and Habermann (44) have identified 17 cases of earthquakes that preceded by seismic quiescence on time scales of the order of 1 to 6 yr and distance scales of the order of the size of the fracture length in the strong earthquake. These examples include several earthquakes in Southern California.
Proc. Natl. Acad. Sci. USA 93 (1996) Proc. Natl. Acad. Sci. USA 93 (1996) 3761 Of particular interest is the case history of quiescence before both the Landers and the Big Bear earthquakes (45). A 75% to 100% reduction in the seismicity of small earthquakes took place within a space of dimensions of 10-20 km adjoining or astride the faults and extending for 4.5 yr and 1.6 yr before these earthquakes.
In a small number of cases of Japanese earthquakes, a contemporaneous local reduction and a distant increase of seismicity have been noted (46). Knopoff et al. (42) have described an increase in intermediate-magnitude seismicity to distances of the order of several hundred km before all 11 documentable earthquakes with magnitudes .6.8 in California over a time scale of the order of 1-10 yr as noted; the increase in activity ceases abruptly after selected strong earthquakes. Although stress redistributions are expected on the scale size of the fractures, these latter observations (42) are notable in two respects: (i) The precursory episode of increase of distant earthquakes terminates abruptly. (ii) The distances spanned by the precursor earthquakes is much larger than the classical scale size of the fracture in the strong earthquakes, thereby implying a much larger range of interactions than possible from standard elastic models of fracture. An example of remote prior increase in activity and subsequent rapid extinction associated with the smaller San Fernando earthquake (M = 6.6) of 1971 is shown in Fig. 3 . The epicenters of earthquakes with magnitudes between 4.7 and 6.3 between 1965 and the date of the earthquake in 1972 are shown in two 3-yr stages; a remarkable decrease in the number of such earthquakes in the following two years is seen to extend over distances from the epicenter of the San Fernando earthquake, which are at least an order of magnitude larger than the size of its fracture dimensions (42). There does not appear to be any change in the level of activity before and after the Borrego Mountain earthquake (M = 6.5) 3 yr earlier.
In most cases, the anomalous precursory seismicity is widespread in two dimensions, and arguments for or against intermediate-term clustering in space and time, as well as any attempt to understand the mechanism for such clustering, must depend on the construction of a model of regional faulting that consists of a two-dimensional network of faults.
Stress Fluctuations and the Fracture Process
If the self-organization of seismicity is a response to the redistribution of stress by earthquake fractures, the final stress field after a fracture represents an initial state for the next fracture on the same fault segment and in its neighborhood; the stress field depends as well on the increase of stress by the tectonic load and the changes due to subsequent fractures in the neighborhood. Thus, the conditions of the fracture in the dynamic episode of "fast time" is a strong determinant of the times and locations of future earthquake events. The details of the rupture in an individual fracture depend on a number of parameters that include the friction on the fault, the degree of spatial inhomogeneity of the fracture threshold, and the aforementioned spatial distribution of prestress. Some information that bears on these points can be inferred from observations of earthquake occurrence. We cite a part of the list.
(i) From the focal mechanisms of small earthquakes in the neighborhood, we learn that the stress field along large parts of the extent of the SAF is oriented so that the principal compressional stress is normal to the fault (47). This orientation is a rotation from the expectation for an elastic continuum in which the component of the stress field on the SAF should be a shear field parallel to the tectonic load stress. This observation implies that much of the fault has a low fracture strength or coefficient of static friction, and, hence, that the strength of much of the SAF has not been restored to a fully healed value after the most recent major rupture.
(ii) The stress drops in Southern California earthquakes are highly variable quantities, ranging by a factor of from 300 to 400, from values less than 1 bar to more than 300 bars, as determined from the ratio between the seismic energy radiated and the seismic moment Es/Mo, this ratio itself being proportional to the ratio tr//L of the stress drop to the shear modulus, for a homogeneous earth and fracture model. On the high side, a value of about 300 bars has been reported for the Landers earthquake (48) . Low values are found for small earthquakes on the San Jacinto fault (49). This quantity has been tabulated for almost 500 earthquakes worldwide (49) (50) (51) (52) (53) (iii) Bullard (54) suggested that the frictional heat developed in great earthquakes should be enough to melt rocks in the vicinity of major earthquake faults in some tens of millions of years (and 
